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Improvements in or relating to cryogenic MRI magnets 



(57) An electromagnet for use in MRI apparatus 
comprising an annular vessel (3) inside which annular 
windings (5-7) energisable to produce a magnetic field 
are contained together with iron components (13), here- 
inafter termed cold iron, which components are mechan- 
ically anchored with respect to the windings, and iron 
shim rings (14-16) positioned externally of the vessel 
within its annular bore, hereinafter termed warm iron, the 
size and relative position ol the shim rings being chosen 
so that instability of the magnetic field introduced by one 
shim ring, due to vibration or temperature changes, is 
substantially compensated for by an equal and opposite 
effect produced by one or more other shim rings. 
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Description 

This invention relates to electromagnets and more 
especially it relates to cryogenic electromagnets for use 
in magnetic resonance imaging (MRI) apparatus. 5 

It is a well understood requirement that magnets for 
MRI applications should provide a predetermined region 
of very high homogeneity magnetic field. This region, 
known as the imaging volume, is the region wherein that 
portion of a patient to be examined is positioned. It is 10 
comparatively easy to achieve high homogeneity with 
magnets having a relatively long axial length. However, 
long magnet bores tend to produce adverse patient reac- 
tions due to the effects of claustrophobia. Accordingly, it 
is highly desirable to reduce the axial length of magnets is 
whereby the effects of claustrophobia are also reduced. 

In order to achieve shorter magnets, it is known to 
use iron in the magnet, whereby the field can be concen- 
trated without sacrificing homogeneity to any significant 
extent. Unfortunately, however, magnetisation of iron 20 
tends to be thermally sensitive which results in temper- 
ature related field fluctuations. Additionally, magnets 
which use iron can be vibration sensitive, which also 
results in magnetic field fluctuations due in this case to 
changes in the positional relationship between the iron 25 
and the magnet windings. 

It is known to position iron within the vessel whereby 
its temperature is stabilised, and whereby the effects of 
vibration may also be reduced by mechanically anchor- 
ing the iron with respect to the magnet windings so that 30 
differential movement therebetween is minimised. How- 
ever, because of the mass of iron required and because 
of other dimensional design considerations it may not be 
possible with short magnets to contain all of the iron 
required for optimum performance within the vessel with- 35 
out introducing other problems. 

It is an object of the present invention to provide a 
relatively short magnet with high tolerance of vibration 
and low sensitivity to temperature variations, or at least 
a magnet which is a good compromise between these 40 
desirable features, whereby a magnetic field is provided 
with an acceptably high degree of homogeneity as 
required for MRI applications. 

According to the present invention, an electromag- 
net for use in MRI apparatus corrprises an annular ves- 45 
sel inside which annular windings energisable to 
produce a magneticf ield are contained together with iron 
components, hereinafter termed cold iron, which compo- 
nents are mechanically anchored with respect to the 
windings, and iron shim rings positioned externally of the so 
vessel within its annular bore, hereinafter termed warm 
iron, the size and relative position of the shim rings being 
chosen so that magnetic field instability introduced by 
one shim ring, due to vibration or temperature changes, 
is substantially compensated for by an equal and oppo- ss 
site effect produced by one or more other shim rings. 

By containing most of the iron required within the 
vessel, problems related to vibration and temperature 
sensitivity are to some extent overcome and by arranging 



that the other iron required is in effect self compensating , 
field instability due to temperature and/or vibration can 
be substantially eliminated or at least significantly 
reduced. 

If the central magnetic field of a magnet according 
to the present invention is defined in terms of a spherical 
harmonic basis set. then in a cylindrical magnet exhibit- 
ing azimuthal symmetry, the field is given by 

00 

B(r,e) = B 0+ £A^ n P,,(cose) (1) 

where Ap = n* order harmonic amplitude 
Ro = Normalising Radius 
P n = Legendre Polynomial of order n 

If the total field (cold iron + warm iron compo- 
nents) is defined in terms of the amplitudes Bo T and A,, 7 , 
the cold magnet field in terms of B 0 C and A,, 0 and the 
field due to the i th warm iron ring pair in terms of Bo 1 and 
A,,'. Then the total field is related to the cold and warm 
fields by 

B 7 = B C 0 + £B 0 (2a) 
A n 7 =A£ + £A^ (2b) 



Normally in magnet design Bo T and A,, 7 are opti- 
mised to acheive a predetermined field magnitude and 
homogeneity but in the present case additional con- 
straints are introduced on 



i 



and/or on 



i 



Now, Bo 1 and Ap 1 are directly proportional to the sat- 
uration magnetisation of the rings, assuming the rings 
are axially magnetised to saturation. However, the satu- 
ration magnetisation of iron has a predetermined tem- 
perature sensitivity. Therefore. Bo' and A,, 1 also have a 
temperature sensitivity of the same size which translates 
into a temperature sensitivity in the magnet DC field 
(B 0 T ) and homogeneity (A, 7 ) respectively. 
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Now, while it is impossible to modify the sensitivity 
of Bo 1 or of Ap', it may be possible to find a shim set geom- 
etry such that 

£Bi=0 (3a) 
£A * n = 0 (for a given n) (3b) 



Such a set is described as a zero order compen- 
sated and an n m order compensated shim set ;respec- 
tively. 

In this case, the thermal sensitivity of the compen- 
sated order is zero, provided any temperature change is 
the same for all i components. It is crucial to understand 
that there is also a differential sensitivity in the compen- 
sated order which becomes important when the shim 
temperatures diverge. The advantage is that it is easier 
to stabilise the relative temperature of the shims than it 
is to stabilise their absolute temperatures. 

Thus, in accordance with one embodiment of the 
invention, the warm iron comprises a shim ring set which 
is zero order compensated. 

In accordance with another aspect of the invention, 
the shim ring set is n 1 * 1 order compensated. 

In accordance with a further aspect of the invention, 
the shim ring set is both zero order compensated (ie the 
DC field is compensated) and n th order compensated 
where n = 2. 

In order to achieve compensation, as aforesaid, one 
or more pairs of shim rings may be provided in accord- 
ance with the particular application in view. 

Some embodiments of the invention will now be 
described by way of example only, with reference to the 
accompanying drawings, in which; 

FIGURE 1 is a sectional side view of a cryogenic 
magnet assembly which forms a part of an MRI sys- 
tem; 

FIGURE 2 is a sectional side view of an alternative 
cryogenic magnet for MRI applications; 
FIGURE 3 is a diagram illustrating the effect of shim 
ring displacement from a central axis 1 9 as shown 
in Figure 2, and, 

FIGURE 4 is a graph of amplitudes Z1 and 23 intro- 
duced by a pair of filamentary iron rings. 

Referring now to Figure 1, as can be seen from the 
drawing, the magnet is annular in construction and sub- 
stantially symmetrical about its longitudinal axis 1 . The 
magnet comprises an outer housing 2 within which is 
contained a vessel 3 which in use is filled with liquid 
helium. In order to improve thermal insulation a heat 
shield 4 is positioned between the vessel 3 and the hous- 
ing 2. The magnet comprises magnetising windings 5a, 
5b and 6a, 6b and shield windings 7a, 7b which serve to 
contain the field produced by the magnetising windings 



5a, 5b and 6a, 6b. The windings 7 are supported on a 
former 8 and the windings 5 and 6 are supported on form- 
ers 9 and 10 respectively. 

In order to facilitate MRI operation, gradient coils 1 1 
s are provided within the bore 12 of the annular vessel. 
Along side the windings 5a and 5b, cold iron shim rings 
1 3a and 1 3b respectively are provided. By containing the 
shim rings 13a and 13b within the vessel 3, they are 
effectively temperature stabilised, and by arranging that 
10 they are positionaliy fixed with respect to the windings 
5a and 5b, they are rendered substantially insensitive to 
vibration which might otherwise produce differential 
movement between the shim rings 1 3a and 1 3b and their 
associated windings 5a and 5b. 
is Although it is highly desirable to provide an arrange- 
ment as thus far described, wherein the iron is enclosed 
within the vessel 3. For some applications it is not pos- 
sible with the dimensional constraints imposed to contain 
all of the iron in the vessel. 
20 Accordingly, additional iron shim rings 1 4, 1 5 and 1 6 
are provided in the form of warm iron which is positioned 
in the bore 1 2 adjacent to the gradient coils 1 1 . As here- 
inbefore explained, the shim rings 14, 15 and 16 in the 
bore 1 2 are arranged to be substantially self compensat- 
es ing, i.e. instability produced by temperature changes 
anoVor vibration in one shim is arranged to be compen- 
sated for by equal and opposite instability due to the 
other shim or shims. The theory behind this compensa- 
tion has been earlier explained. 
30 In the arrangement shown in Figure 1 , a single pair 
of shim rings 1 4, 1 6 are provided symmetrically disposed 
with respect to the shim ring 15 which is centrally posi- 
tioned. 

In an alternative arrangement however, as shown in 
35 Figure 2, wherein parts of the drawing which correspond 
to Figure 1 bear the same numerical designation, two 
pairs of shim rings 17a, 17b and 18a, 18b are provided 
arranged symmetrically about a central axis 19 orthog- 
onal to the longitudinal axis 1 . The choice of warm shim 
40 ring components is determined by the application in view 
and accordingly by the characteristics required. 

The arrangement of Figure 1 serves to provide sta- 
bilised homogeneity whereas in Figure 2 the arrange- 
ment of shim rings has been chosen to provide optimum 
45 dc field stabilisation. 

TTie criteria for thermal sensitivity stabilisation has 
already been herein explained with reference to the the- 
ory involved. The criteria however for vibration sensitivity 
minimisation tends to be an empirically determined func- 
50 tion which will now be considered. 

For a system of warm iron shim rings and coils, 
which are symmetrically disposed around the centre of 
a magnet, the odd orders (see equation 1 ) are zero. Now 
if the warm iron shim rings are displaced axially relative 
55 to the cold magnet, so that they are still concentric there- 
with but not symmetrically disposed about the central 
plane orthogonal with the longitudinal axis, then they will 
introduce some odd order amplitudes into the function 
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as setforth in equation 1 . If the displacement is small 
enough, the even orders will be unchanged. 

This can be shown by the following argument. First 
of all, define a filamentary pair of iron rings, having small 
cross sectional area, in terms of a parameter p, the ratio 
of the axial separation to the common diameter. Then 
consider the effect of displacing a pair of thin, iron rings 
through a small distance (dz). As illustrated in Figure 3, 
if the axial extent of the rings is defined by p L and p u , 
then this is equivalent to creating two pairs of rings of 
thickness dz at p L and p u . The elements of these rings 
are magnetised in opposite directions and therefore 
introduce only odd orders to the central field. 

This effect results in a sensitivity of the homogeneity 
to axial vibrations of the shim set relative to the cold mag- 
net (non-axial vibrations are not considered). The sensi- 
tVity can be quantified in terms of the odd order 
amplitudes introduced per mm displacement of the shim 
set This can also be translated into a pk-pk homogeneity 
shift on the imaging volume. 

But how can the vibrational sensitivity of a given 
shim configuration be estimated and optimised? In Fig- 
ure 4, the first and third order harmonic amplitudes intro- 
duced by a pair of filamentary iron rings with opposite 
magnetisation are plotted as a function of p. These ampli- 
tudes are plotted for the case where the magnetisation 
vectors are pointing away from the mid plane of the mag- 
net. For the opposite mode the signs of the amplitudes 
are reversed. Notice from Figure 3 that the filamentary 
pairs created by the displacement have opposite modes 
of magnetisation. Therefore, a shim configuration such 
as shown in Figure 2 will introduce very little first order 
amplitude when displaced. Figure 4 also demonstrates 
that the vibrational sensitivity of a shim set is improved 
greatly of the shim set comprises more than one pair as 
shown in Figure 2, since there is much more scope for 
compensating the low order terms. 

It will be appreciated that a magnet according to the 
present invention may be made shorter by accepting a 
high degree of inhomogeneity of the field due to 'cold* 
components of the magnet, and then correcting this inho- 
mogeneity using iron shims in the warm bore which 
serve as a 'self compensated* shim ring set such that the 
sensitivity with respect to temperature and/or vibrations 
normally associated with warm iron shim rings is com- 
pensated for. As will be readily apparent to the cognos- 
centi it is not possible to compensate against all factors 
simultaneously and accordingly a choice between homo- 
geneity and the dc field will need to be made whereby 
satisfactory sensitivity to vibration can be determined 
according to the application envisaged. 



cally anchored with respect to the windings, and iron 
shim rings positioned externally of the vessel within 
its annular bore, hereinafter termed warm iron, the 
size and relative position of the shim rings being cho- 
5 sen so that instability of the magnetic field intro- 
duced by one shim ring, due to vibration or 
temperature changes, is substantially compensated 
for by an equal and opposite effect produced by one 
or more other shim rings. 

10 

2. An electromagnet as clai med in Claim 1 , wherein the 
warm iron comprises a shim ring set which is zero 
order compensated. 

15 3. An electromagnet as claimed in Claim 1 or Claim 2, 
wherein the warm iron comprises a shim ring set 
which is n th order compensated. 

4. An electromagnet as claimed in Claim 3, wherein the 
20 shim ring set is both zero order compensated and 

n th order compensated where n = 2. 

5. An electromagnet as claimed in any preceding 
claim, wherein the warm iron comprises a shim ring 

25 set which includes one pair of shim rings. 

6. An electromagnet as claimed in Claim 5, wherein the 
said pair of shim rings are arranged one on either 
side of a centrally disposed shim ring. 

30 

7. An electromagnet as claimed in any of Claims 1 to 
4, wherein the warm iron comprises a shim ring set 
which includes two pairs of shim rings. 

35 8. An electromagnet as claimed in any of Claims 5 to 
7, wherein the shim rings are symmetrically dis- 
posed about a central axis orthogonal with the lon- 
gitudinal axis of the magnet. 

40 9. An electromagnet as claimed in any of Claims 5 to 
7, wherein at least one pair of shim rings are offset 
with respect to a central axis orthogonal with the lon- 
gitudinal axis of the magnet. 

45 



50 



Claims 



1 . An electromagnet for use in MRI apparatus compris- 55 
ing an annular vessel inside which annular windings 
energisable to produce a magnetic field are con- 
tained together with iron components, hereinafter 
termed cold iron, which components are mechani- 
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